Abstract An estimated 1 billion people are living both without access to clean drinking water or electricity. The small photovoltaic (PV)-powered hybrid membrane system described here is designed to address the plight of some of these people. PV and membrane technologies are chosen due to suitability for operation in remote and often harsh conditions. An ultrafiltration (UF) pre-treatment is included to remove bacteria and most pathogens, while a reverse osmosis (RO) or nanofiltration (NF) membrane desalinates the brackish feedwater. Several parameters were examined in order to optimise the system performance, including (i) feed salt concentration, (ii) operating pressure, (iii) system recovery, (iv) specific energy consumption (SEC, kWh/m 3 ), and (v) salt retention. In addition, experiments were performed over a whole day to determine system performance under varying levels of solar radiation. The minimum SEC (relatively high due to the current single-pass mode of operation) varies from 5.5 kWh/m 3 at a feed concentration of 1 g/L salt to 26 kWh/m 3 at a feed concentration of 7.5 g/L salt, which is the upper limit of the system in terms of salt concentration.
Introduction
A United Nations Development (UNDP) report has identified that there are 1.3 billion people who do not have access to adequate quality drinking water (UNDP 1998), while World Health Organisation (WHO) statistics indicate that 80% of all diseases in developing countries are water-born (WHO, 1993) . Annually, 2 billion cases of diarrhoea are registered, and more than 5 million deaths are associated with the consumption of poor quality drinking water. The majority of these deaths are children (WHO, 1993) . The UNDP report also found that about 2 billion people are living without electricity (UNDP, 1998) . Furthermore, it has been estimated that the overlap between the groups living without electricity or clean water amounts to 1 billion, or 17% of the world's population (Parodi et al., 2000) . This fact, together with the aim of providing sustainable technology, invites the initiative to combine water treatment with renewable energy. This paper investigates a treatment solution that provides drinking water to such remote communities and developing countries using such technology. In particular, photovoltaic (PV) power would appear to be idea, given that many regions that possess a limited and/or poor quality drinking water also exhibit high levels of solar radiation. Thomas, 2001) . Desalination can be accomplished through one of two processes: phase change or membrane separation. Simple distillation, multistage flash, freeze separation all involve a phase change of the feed water (either to vapour or solid), whereas reverse osmosis (RO) and electrodialysis rely on the properties of plastic membranes. The specific energy consumption (SEC) -the energy required to produce a unit of clean water -of a phase change process is proportional to the amount of water produced, whereas the SEC for a membrane separation process are proportional to the salinity of the feed water (Block and Melody, 1989) . A comparison of typical SEC (kWh/m 3 ) for solar-powered desalination technologies is provided in Table 1 . The advantages of the membrane processes are that they are modular technology, easy to install, compact in size, simple to operate (Block and Melody, 1989) , and can operate mostly free of chemicals.
In addition, Table 1 shows that RO treatment of seawater has the lowest SEC of all desalination technologies, and that the energy is almost entirely consumed by high-pressure pumps. As the SEC is dependent on the feedwater salinity, a significantly lower SEC can be expected for membrane filtration of brackish water. Many of the advantages of membrane processes are also shared by PV, making the coupling of membrane technology to a PVpowered system in a remote location an ideal match. However, membrane technology cannot match the almost zero level of maintenance required for PV, and the membranes have a relatively short (about 5 yr) lifespan (Block and Melody, 1989) . Many examples of photovoltaic-powered reverse osmosis (PV-RO) treatment systems can be found in the literature. The majority of PV-RO systems have been designed to operate at high pressures (>40 bar) in order to desalinate seawater (typical salinity 35 g/L). An overview of such systems and their applications is shown in Table 2 .
System design
The system was designed for a small community as a central source for potable water that would be collected from the system directly. The system recovery would be low (about 10%) to treat a small amount of water for drinking and cooking purposes, while the remainder of the water would be microbiologically safe and of sufficient quality for personal hygiene or cleaning purposes in most locations. This was achieved with an ultrafiltration (UF) pretreatment which removes bacteria and most pathogens, in conjunction with the RO or nanofiltration (NF) membrane. The system is illustrated in Figure 1 with a schematic and in Figure 2 with a picture.
The pre-treated water is sucked through the UF membrane with a pressure of up to x0.5 bar and then pressurised to 5-7 bar for treatment with RO or NF membrane. The clean water or permeate is stored in a water tank to avoid the usage of batteries. Inverters, which incur Block and Melody, 1989 Reverse osmosis High pressure pumping Photovoltaic 4 Table 2 Overview of existing PV-RO units (TDS: total dissolved solids; ERD: energy recovery device)
Poperate ( (1998, 2001) * System is equipped with inverter(s) and AC pump(s) # Simulated results energy losses and are prone to failure, were also avoided. While provision for a recycle pump is made in the system to allow an increased recovery (percentage of clean water produced from feed water), this pump was not used in this trial and the system was operated in single pass mode.
The UF not only cleans the water, UF is also an effective pre-treatment process that removes particulate and colloidal matter that may cause the NF/RO membranes to foul prematurely. While most systems use cartridge filters as pre-treatment, such filters cannot adequately remove smaller particles and bacteria (which may cause biofouling) and hence the systems will require more frequent cleaning.
Experimental methods
The system consisted of a ZeeWeed 10 module (Zenon Environmental, Canada), directly immersed in the feed tank. A low pressure RO membrane module was selected for the desalination stage (FilmTec TW30-2521). It is characterised by a high sodium chloride retention and a relatively low operating pressure (4-10bar). The positive displacement pump (Dankoff Solar Slowpump Model 1322) was selected. The rotary vane pump has a maximum operating pressure of 13.2 bar at a flowrate of 89 L/h. Four BP Solar laser-grooved, buriedgrid silicon solar cells were chosen due to their high efficiency (>15.5%), with each panel provided a maximum power output of 85 Watt. The panels were connected in parallel and a MPPT (Dankoff Solar Model DL-8A) used to optimise power output for the pump.
All experiments were carried out using the same system setup with regard to location, alignment of the solar panels, and system configuration. The solar panels were tilted at an angle of 25 to the horizontal plane and were facing northwards, without being moved during the experiments. The 200 L feed tank was filled with tap water, and table salt was added to adjust the different salt concentrations. Before the first measurement of the day, the system was run for at least 15 min to stabilize the performance of the membrane and to bleed air trapped in the system. The operating pressure of the RO/NF module was regulated by adjusting the needle valve of the concentrate stream. Both the permeate and the concentrate were recycled back into the feed tank to maintain a stable feed concentration, and the sampled water was put back in the feed tank after it was analyzed for conductivity, temperature and pH. The permeate and concentrate flow rates were determined using a plastic measuring cylinder (volume: 1,000 mL) and a stopwatch. The feed flow rate was assumed to be the sum of permeate and concentrate flow rate (single pass configuration). The samples were analyzed using a universal meter (WTW Multi-line P4), which measures conductivity, temperature and pH.
System optimisation results & discussion
To optimise the system, a number of parameters were examined (1) feed salt concentration, (2) operating pressure, (3) system recovery, (4) energy requirement per unit of clean water, and (5) salt retention. Furthermore, test runs were performed over a whole day to determine system performance under varying levels of solar radiation. Several key parameters of the system were measured during the experiments, such as permeate flow, module recovery, operating pressure, salt rejection, and power consumption. These are important characteristics of the system, and they can be helpful for further optimization of the system design and operating conditions.
Effect of feed salinity on flux and recovery
The aim of the trials was to determine the limitations of the system with regard to feed water salinity. As the salt concentration increases the osmotic pressure of the feed increases which reduces the effective transmembrane pressure. Concentration polarisation, which is the accumulation of salt retained by the membrane, further enhances this effect and is stronger the higher the retention of salt by the membrane. This effect is reflected by the results in Figure 3 ; permeate flux increases with increasing pressure and is highest for the lowest salt concentration. For high transmembrane pressures permeate flux decreases for two reasons; firstly, the salt concentration is increased and secondly, the flow has to be restricted with a valve to achieve the higher pressure and hence recovery increases leading to additional increases in salt concentration. In addition the pump performance decreases at higher pressure. This effect is further emphasised in Figure 4 at 1 g/L salt showing the variation of flow rates and the increase in recovery with increasing pressure and Figure 5 which shows the variation of recovery for all salt concentrations as well as the line for optimum permeate flux.
Specific energy consumption (SEC)
The SEC indicates the energy efficiency of the system, which is an important design attribute. To optimise the energy efficiency, the required energy (Wh) per litre of product water should be minimised by either varying the operating conditions (e.g. pressure) or the system configuration (e.g. pump, option of energy recovery). A low SEC translates to lower system costs, as the solar panels contribute a major part to the capital costs. Different parameters are strongly interlinked and with solar power it is difficult (if not impossible) to perform experiments in a way that keeps all parameters except the one to be examined constant. The power requirements depend on recovery, pressure and hence salt concentration. This is shown in Figure 6 where an optimum operating pressure can be found for each salt concentration. The optimum stems from the fact that initially the productivity of the unit increases with increasing transmembrane pressure until recovery gets too high and salt concentrations affect permeate flux. This optimum value is strongly dependent on pump performance and will invariably be different for each system. The minimum of required energy per litre of permeate varies from 5.5 kWh/m 3 at a feed concentration of 1 g/L salt to 26 kWh/m 3 at a feed concentration of 7.5 g/L salt. The values are higher than those shown in Table 1 due to the single pass approach and the very small system. to pump and salinity limitations. Ideally, the feed flow rate should be rather constant to maintain a high cross-flow velocity and prevent excessive concentration polarisation caused by high recoveries. A constant feed flow rate is supposed to increase the achievable maximum permeate flux at high operating pressure and hence shift the optimum pressure to higher values.
Impact of operating conditions on salt retention
One of the main research objectives of this project is to determine the operating window for a solar membrane system. This is of relevance as the energy source is not constant and hence operating pressure, flows and recovery will naturally vary over the course of a day. In many systems those variations are compensated for with the use of a battery. As discussed above the use of a battery is not desirable due to the limited life span of batteries and other issues (Richards and Schäfer, 2003) . The project in general is concerned not only with desalination, but also the removal of trace contaminants and their retention needs to be reliable. In this paper, water quality is represented by salt removal. The salt retention was calculated using the measured conductivity values of the permeate and feed stream, because conductivity is directly proportional to salt concentration (assuming that the composition of the salt is not varied in the process). Hence, the retention (R) is
R= 1x
Conductivity permeate Conductivity feed
* 100%
The results of salt retention as a function of transmembrane pressure and feed concentration are shown in Figure 8 . The retention decreases with increasing pressure, which was unexpected, as the salt retention of RO membranes normally increases with rising transmembrane pressure. A possible explanation is the increased concentration polarisation effect due to high recovery and low cross-flow velocity. This leads to a high concentration of rejected ions near the membrane surface, thus developing a high concentration gradient from the concentrate side to the permeate side of the membrane. This gradient may cause extensive diffusion of ions across the membrane into the permeate stream, resulting in a lower salt retention of the membrane module. possible explanation is the increased concentration polarisation effect due to high recovery and low cross-flow velocity combined with a pump performance loss at high pressure. This results in a high concentration of rejected ions near the membrane surface, thus developing a high concentration gradient from the concentrate side to the permeate side of the membrane. This gradient may cause extensive diffusion of ions across the membrane into the permeate stream, resulting in a lower salt retention of the membrane module. Finally, the results of the all-day testing indicated that the PV-RO unit is able to produce a constant permeate flow even under quite cloudy conditions. Further studies will be performed on the optimisation strategies to make the best use of available power during the day, while maintaining the desired water quality.
